Saenger sequencing has led the advances in molecular biology, while faster and cheaper next generation technologies are urgently needed. A newer approach exploits nanopores, natural or solid-state, set in an electrical field, and obtains base sequence information from current variations due to the passage of a ssDNA molecule through the pore. A hurdle in this approach is the fact that the four bases are chemically comparable to each other which leads to small differences in current obstruction. 'Base calling' becomes even more challenging because most nanopores sense a short sequence and not individual bases. Perhaps sequencing DNA via nanopores would be more manageable, if only the bases were two, and chemically very different from each other; a sequence of 1s and 0s comes to mind. Osmylated DNA comes close to such a sequence of 1s and 0s. Osmylation is the addition of osmium tetroxide bipyridine across the C5-C6 double bond of the pyrimidines. Osmylation adds almost 400% mass to the reactive base, creates a sterically and electronically notably different molecule, labeled 1, compared to the unreactive purines, labeled 0. If osmylated DNA were successfully sequenced, the result would be a sequence of osmylated pyrimidines (1), and purines (0), and not of the actual nucleobases. To solve this problem we studied the osmylation reaction with short oligos and with M13mp18, a long ssDNA, developed a UV-vis assay to measure extent of osmylation, and designed two protocols. Protocol A uses mild conditions and yields osmylated thymidines (1), while leaving the other three bases (0) practically intact. Protocol B uses harsher conditions and effectively osmylates both pyrimidines, but not the purines. Applying these two protocols also to the complementary of the target polynucleotide yields a total of four osmylated strands that collectively could define the actual base sequence of the target DNA.
Introduction
A concerted effort by government, industry, and academia over the last 10 years has sought to speed up and reduce the cost of DNA sequencing [1] , in the hope that dependable genomic datasets will improve our understanding of biology and drive personalized medicine. The goal is to make whole genome sequencing as easy, fast, accurate, and cheap as a routine blood test. This prospect is made plausible by advances in computation to handle the enormity of the obtained data and advances in nanofabrication that yield massively parallel structures functional for single molecule applications.
A few nucleic acid sequencing methods are currently in use, most of them a variation of the original method by Saenger [2] , based on the enzymatic synthesis of the complementary strand. These methods have resulted in faster and cheaper sequencing, readings of good accuracy, but are limited by their inability to read certain repetitive sequences, and Nanotechnology Nanotechnology 26 (2015) 134003 (11pp) doi :10.1088/0957-4484/26/13/134003 Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
generally result in short reads from which assembly of unknown genomes is challenging [3] .
A major breakthrough came with the development and implementation of both natural and solid-state nanopores to allow for the translocation and detection of a single strand of DNA, in its entirety, via the pore. It has been demonstated that alpha-hemolysin protein self-assembles in a lipid bilayer membrane to form a pore with a 2.6 nm diameter vestibule and 1.5 nm limiting aperture (the narrowest point of the pore) [4] . The limiting aperture of the nanopore allows linear single-stranded but not double-stranded, nucleic acid molecules (diameter ∼2.0 nm) to pass through. In an aqueous ionic salt solution, when an appropriate voltage is applied across the membrane, the pore formed by an alpha-hemolysin channel conducts a sufficiently strong and steady ionic current [4] . The polyanionic nucleic acid strand is driven through the pore by the applied electric field, thus reducing or even blocking the ionic current that would be otherwise unimpeded. This translocation process generates an electronic signature that varies based on steric and electronic effects and hence is sequence dependent [4] . In this system the sequence dependent information does not read one base at a time due to the length of the pore. Devices that sequence via natural nanopores are now commercially available and have resulted in single base calling interpretation, but with substantial and, perhaps, unacceptable error rates [5] . A second natural system, the Mycobacterium smegmatis porin (MspA) including modifications thereof, appear better suited due to a shorter pore that fits fewer bases at a time [6] . Nevertheless even in this system the signal apparently corresponds to a sequence of four bases at a time and therefore base calling depends on discriminating among 4 4 = 256 different signals [6] . Considering the chemical comparability of the four nucleobases such discrimination may not lead to unambiguous sequence determination for long reads.
In addition to the above protein nanopores research has moved towards man-made solid-state pores that are functional in the absence of a membrane, robust towards environmental parameters, and can be customized with regard to material composition, as well as pore width and length [7] . A separate technology involves fabricating pores made of insulated single atom graphene layers that can sense chemical changes by transverse current electronics or tunneling effects, but these efforts are still on the drawing table due to the challenges in manufacturing sensors for single layer atoms [8] . Although nanopore approaches show promise as full length DNA sensing methods, the more demanding goal of accurate base-tobase sensing has not yet been achieved, primarily due to (i) the relative similarity of the bases with respect to steric and electronic effects, (ii) the questionable sensitivity of the applied probe, i.e. water and salt ions, to those effects and (iii) the fact that the translocation via the pores is very fast and in the same order of magnitude as detection speed [4, 9] .
In an attempt to circumvent those issues we are proposing the use of labeled DNA instead of native. In the 1960s a far-reaching approach to whole genome sequencing was postulated and explored. The concept was to react a nucleic acid with an organo-metallic molecule that exhibited selectivity for one of the four bases [10] . Labeled DNA would then be stretched on suitable surfaces, imaged by electron microscopy to detect the position of the metal and infer the position of the labeled base [11, 12] . This powerful approach encountered a number of obstacles, such as the need for expensive instrumentation and special lab environmental provisions, implausible miniaturization, issues with Brownian motion of the label, etc. Nevertheless the effort recently produced at least one suitable DNA label, the osmium tetroxide 2,2′-bipyridine (Osbipy) [13] . Osbipy is a thymidine (T)-specific label that is known to react preferentially with the C5-C6 double bond of exposed or unpaired T in DNA Scheme 1. Reaction of osmium tetroxide with 2,2′-bipyridine to form the reactive complex (bipy-OsO 4 ), which in a second step reacts with a thymidine derivative (dTMP here) at the C5-C6 double bond to form the osmylated-dTMP (see [13] and references therein). Similarly, cytidine (C) yields osmylated-cytidine also at the C5-C6 double bond (not shown), but at a much slower rate. This work reports on deoxynucleotides and deoxyoligos, so that C in the text refers to dC. A simplistic way to illustrate the difference between osmylated and intact bases is to compare (molecular weight) of each: C (111), T (126), A (135), G (151); C-Osbipy (521), T-Osbipy (536), i.e. osmylation adds about 400% mass to the reactive base compared to the unreactive one.
(scheme 1). Osbipy has been widely applied to probe damage, mismatches, mispairing, or insertions in dsDNA [14] . Furthermore the electroactivity of Osbipy has enabled the use of the osmylation reaction for biosensor applications [15] .
Recently we studied the reaction of Osbipy with monodeoxynucleotides, short oligos composed of only two bases, and longer oligos up to the 90 mer composed of all four bases [13] . The reactions were monitored automatically by capillary electrophoresis (CE). Product distributions as well as rates of reactions were obtained. Here is a summary of the conclusions: [13] (i) the osmylation has excellent selectivity for T over C, with no competing reaction or coordination with the purine bases. (ii) Labeling conditions for T are mild and yield undetectable degradation of the phosphodiester bond. (iii) The reaction mixtures can be easily purified from the unreacted Osbipy using TrimGen spin columns. (iv) Osmylated DNA is stable and soluble in water, (v) no detectable amount of Osbipy or 2,2′-bipyridine is released from osmylated DNA over time, and (vi) a UV-vis assay was successfully developed to assess extent of osmylation, i.e. fraction of modified nucleobases over the total number of nucleotides in any partially or fully T-osmylated strand. Most importantly, it was established (vii) that the rate of T-osmylation using a large excess of Osbipy and under the same set of conditions, such as concentration of reactants and temperature, is insensitive to the relative abundance of T, the length, as well as the sequence of the reacting oligo. The observation of equal rates across all tested oligos including deoxythymidine triphosphate (dTTP) implies that the same osmylation protocol would predictably osmylate any given ssDNA regardless of composition, length, and sequence.
In this report we substantiate the prediction of labeling long DNA by extending our tests to randomly selected oligos as well as to M13mp18, a circular ssDNA 7459 bases long. Using these materials we confirm the above conclusions for T and show their validity for C-osmylation. We then develop two protocols: Protocol A yields extensive osmylation of T with negligible osmylation of C and Protocol B yields practically complete osmylation of both T and C. Furthermore the assay to determine extent of osmylation first proposed in Kanavarioti et al [13] was modified to improve sensitivity and to include quantitative assessment of total osmylated pyrimidine. The two protocols and the UV-vis assay allow the design of a novel path to sequence ssDNA (see scheme 2) via a suitable nanopore set-up.
A novel concept for sequencing DNA
In the context of modifying DNA one might have favored a scenario with four different labels each selective for one of the four bases, in analogy to Saenger sequencing. However four labels have proven difficult to find, and may even complicate the detection method. A few alternatives have been evaluated using surrogates instead of the actual bases [17] . Scheme 2 illustrates our vision of how sequence information can be obtained with a single label. The concept is based on the apparent dramatic chemical, both steric and electronic, difference between an osmylated and an intact base (see caption in scheme 1). We speculate that the appropriate nanopore setup could discriminate between an osmylated and an intact base with a generous signal to noise ratio, exhibit comparably strong signals for both osmylated pyrimidines, and exhibit comparable but weak signals (noise) for intact bases. Note that the detection method is simply required to sense either 'Osbipy' or 'NO Osbipy', which could substantially simplify detection, improve sensitivity, and lower reagent costs. In a nutshell this new concept transforms the four bases informational system to a system of two, markedly different 'bases'. For the sake of this discussion let us label an osmylated base as 1 and an intact one as 0. Then the sequence becomes a sequence of 1s and 0s (scheme 2). Assuming that the MspA nanopore [6] , discussed above, could translocate osmylated DNA, then instead of discriminating among 4 4 = 256 signals, the number of signals to discriminate from would become 2 4 = 16, a much simpler task. Proposing to use labeled/modified DNA for sequencing in place of the actual target DNA places stringent requirements on the label to be used, so that the information encoded in the DNA is transferred to the new product with greatest accuracy. Some of these requirements are: (i) stability of the DNA backbone under the labeling conditions, and independence of the labeling rate with (ii) length and (iii) sequence. Our earlier work as well as the work reported here strongly support the idea that these three requirements are met with Osbipy, and hence allowed the design of protocols that are expected to work with any DNA.
What would be the anticipated error rate of sequencing osmylated DNA using scheme 2? Assuming a strong signal (1) to noise (0) ratio, and considering the independence of osmylation with respect to length and sequence, then the expected error rate should be a function of the intrinsic signal to noise ratio, the apparent signal to noise ratio based on the short sequence of bases present in the pore at any time, and the coverage. For example, Protocol A, as detailed below, results in approximately 90% osmylated T (1) and about 6.5% of osmylated C (1) and practically 100% intact purines (0) (see under 4.3.1) . This apparent selectivity implies that a specific T has 90% probability to register as 1 and only 10% probability to register as 0. For the same strand a specific C Scheme 2. Sequencing approach: proposed route for obtaining the sequence of the target strand by osmylating both the target strand and its complementary at two levels of osmylation: Protocol A to osmylate only Ts, and Protocol B to osmylate both Ts and Cs. Green position indicate osmylated-nucleobase. This model of sequencing presumes the existence of (i) a 'sensor' that detects Osbipy or the absence of it, and (ii) a mechanism that moves osmylated DNA by the sensor one base at a time and at a constant readable speed.
has only 6.5% probability to register as 1 and 93.5% probability to register as 0. We speculate that the coverage necessary to establish unequivocally T and C in a sequence is in the tens, while strands passing via nanopores per minute are in the hundreds. Depending upon the signal to noise ratio as defined above, the error rate in sequencing osmylated DNA may not be a major issue.
Last, but not least, scheme 2 proposes the sequencing of four strands, even though sequencing of three should suffice; the fourth serves as control. Specifically, Protocol A on the target strand defines the position of T and Protocol B on the target strand defines the position of both T and C. In principle, only one more sequencing is necessary, for example Protocol A of the complementary strand, to define A. Positions not identified as T, C, or A, are presumably G. Sequencing of the fourth strand serves as control to assess accuracy in base calling.
Materials and methods

Materials and purification
HPCE grade solutions of 100 mM sodium phosphate pH 7.0, 50 mM sodium tetraborate pH 9.3 and 1 N sodium hydroxide were purchased from Agilent Technologies. A 4% aqueous osmium tetroxide solution was purchased from Electron Microscopy Sciences. 2,2′-bipyridine 99+% (bipyridine) was purchased from Acros Organics. Solutions of the triphosphates, dATP, dCTP, dGTP and dTTP, as well as an equimolar mixture of the four dNTPs were purchased from Zymo Research Corporation. A solution of M13mp18 was purchased from Bayou Labs as well as from New England Biolabs. Oligos were purchased from Integrated DNA Technologies, diluted with DNase/RNase-free water (from MP Biomedical) to 1 μg μL −1 . Solutions of mononucleotides, oligos, and M13mp18, a circular 7249 nucleotide long ssDNA, were all stored at −20°C. One group of oligos, identified as Oligo1 through 10 was of relatively low purity, and the other group, identified as primers, was of purity 88% or higher. Oligos were of random sequence and span from 15 to 57 bases long, some of them with very high GC content. The purity of these oligos was tested using CE in 50 mM sodium tetraborate at pH 9.3 (see 3.2. below). The purity was also evaluated in 50 mM sodium phosphate pH 7.0, but many of the oligos exhibited broad peaks and this reduced the confidence of applying this method for purity analysis. Oligos used in this study, their sequences, and percent purity of main peak is listed in table 1.
Aqueous reaction mixtures were prepared with DNase/ RNase-free water. A stock solution of Osbipy at 15.75 mM (OsO 4 : bipyridine = 1:1) was prepared by mixing bipyridine in OsO 4 solution. This stock solution was dispensed in small glass vials, sealed with parafilm, and kept at −20°C until use; no detectable change in reactivity was observed with solutions that were stored sealed at 4°C for two weeks. Experiments were initiated by mixing the Osbipy stock solution and the oligo stock solution directly in a CE glass vial filled with the appropriate amount of distilled water. The final concentration of Osbipy and oligo in the reaction mixture is reported with each experiment. No buffer was added and reaction mixtures were incubated at 27 ± 2°C. Reproducible rate determinations in unbuffered solutions confirmed that buffer is unnecessary and showed that some buffers react with Osbipy [13] . Analyses were carried out automatically. The aliquoting time together with the product distribution, in the form of an electropherogram, were recorded by the CE. Spin columns TC-100 from TrimGen were used to remove excess Osbipy [13] according to the manufacturer's instructions. Practically 100% recovery of labeled oligo and removal of up to 15 mM Osbipy down to detectability levels after just one round was achieved.
CE methods, analyses, and peak resolution
Analyses of the reaction mixtures were carried out using an Agilent G1600A CE instrument equipped with Diode Array Detector (DAD) and Chemstation software, Rev.B.04.02SP1 [212] , for data acquisition and processing. Only glass type CE vials were used, as Osbipy was found to react with polyurethane vials, lowering its effective concentration. Reaction mixtures were also prepared in sealed glass microvials and aliquoted as needed; aliquots were typically diluted with water before analysis. Untreated fused silica capillaries (50 μm × 40 cm) with extended light path were purchased from Agilent Technologies.
Analysis of reaction mixtures was conducted using capillary zone electrophoresis methods: either in 50 mM sodium phosphate buffer pH 7.0 with 20 kV, or in 50 mM sodium tetraborate pH 9.3 with 20 kV. All the data reported here were obtained using the borate buffer due to its superior resolution and the fact that capillaries showed substantially higher resilience compared to when phosphate buffer was used. The capillary's temperature was matched to the autosampler's temperature and ranged from 25 to 29°C. A typical method was 18 min long and included a 4 min automatic buffer conditioning ahead of sample analysis. Osbipy migrates early together with any other neutral compound present, the triphosphates of the nucleotides migrate last, and oligos/DNA in between. Osbipy-labeled products migrate between the Osbipy peak and the corresponding DNA peak. Resolution between starting material and osmylated product, is among other parameters, a function of the length and the number of reacting bases. With the longer DNA, a shift of the peak to earlier migration is detected as a function of reaction progress. Peaks on CE were detected and identified using the DAD in the UV-vis region 200-450 nm and the electropherograms were recorded at several wavelengths including 272 and 312 nm. In contrast to DNA that exhibits no R1 values for Oligo3, Oligo5, and pGEX 5′ deviate more than average from the line that statistically fits all the data (see figure 3 ).
a
The difference between Oligo6 and Oligo7 is that in Oligo6 one of the Cs is a 5-Me-dC. detectable absorbance at 312 nm, osmylated DNA absorbs at 312 nm. Interestingly Osbipy exhibits strong absorption at 272 nm and weak absorption at 312 nm; it is the osmylated product that absorbs strongly at 312 nm [13] . We have exploited this feature and developed an UV/vis assay to monitor extent of modification.
Results and discussion
Our earlier work [13] made two important discoveries: (i) the feasibility to osmylate T in oligos as long as 90-mer effectively, predictably, and selectively and (ii) the UV-vis assay to measure extent of T-osmylation. Here we confirmed the reported attributes of T osmylation, evaluated osmylation of C, developed the conditions to do it reproducibly, and extended the UV-vis assay to measure both, osmylated T and C. While it was known that harsher conditions will label C in addition to T [16] , the objective was to find conditions so that C is practically 100% osmylated, while the backbone and the purines remain intact. For this purpose we exploited a series of oligos (Oligo1 through 10) of variable length and composition. Because the purity of these oligos became a concern, we purchased and evaluated a second set of oligos, of the highest commercially available purity, and commonly used as primers. M13mp18, a circular ssDNA 7459 bases long, was also included (see table 1 ).
Quantitative assay to assess extent of osmylation
The difficulty in labeling DNA or RNA is that these polymers are composed of four repeating units and there is no routine analytical tool that discriminates among positional isomers and determines extent of modification. One approach is to use enzymatic degradation to monomers or dimers and assess percent of intact and labeled fragments. However this is not a trivial pursuit as the enzyme may be partially inhibited by the presence of the label. Hence the observation that the incremental addition of Osbipy to an oligo results in a proportional increase in absorbance, or the equivalent peak area, at wavelengths in the range 300-330 nm, where DNA does not absorb, was a game changer. The proportionality between number of osmylated bases and increase in peak area in the range 300-330 nm was also documented by CE analysis that resolves (n + 1)-from n-osmylated and from intact starting material in short oligos [13] . A rather extreme example of resolution is shown in figure 1 where the osmylation reaction of a 16-mer oligo CE profiles of sequential analyses monitoring the osmylation of Oligo (here Oligo10 with 6 Cs) at 260 nm every 17 min, top to bottom. Mixture contains 300 ng μL −1 Oligo10 with 7.9 mM Osbipy at 27°C in water. T1 is obtained after only 6 min from mixing the reactants. Still one can clearly detect two groups of peaks: Group 1 is believed to be the singly osmylated oligo. Group 1 has multiple peaks due to the six plausible positional isomers. Please note that CE is known to resolve positional isomers. Group of peaks, labeled 2, represents products with two osmylated Cs, group 3 with three osmylate Cs, group 4 with four, group 5 with five, and group 6 with six osmylated Cs. Even after many hours there was no additional peak migrating ahead of group 6. However these conditions, i.e., relatively high concentration of oligo and only 7.9 mM Osbipy do not lead to complete osmylation and the reaction levels off. The reason we chose to show these conditions is because the reaction is relatively slow compared to the CE analysis and one can clearly follow the appearance of higher osmylated products and the accumulation of the material initially from the Oligo to group 1, and then to group 2, followed by accumulation to group 3 (see CE profile T3) and to C4 (see CE profile T4, bottom). Please note that in T4 the Oligo peak is barely detectable. Identification of products, as specified here, is supported by the observation that R(312/272) of a certain group peak is proportional to the proposed number of labeled Cs. Separate and well resolved group of peaks, such as the ones observed with Oligo10, were not observed with either Oligo8 or Oligo9, even though their composition is identical to Oligo10. composed of 6 Cs and 10 As is monitored by CE. The addition of Osbipy creates a group peak (composed of all different positional isomers), distinct from the group peak of the products with one less or one more Osbipy moiety. It is noticeable that increasing number of conjugated Osbipy moieties leads to decreasing migration time of the corresponding peak (see figure caption for discussion) . The earlier work exploited 320 nm as the wavelength to measure the appearance of products and also proposed and implemented a more accurate measure, the ratio of peak area at 320 nm versus peak area at 260 nm [13] . This measure represents a normalized absorbance, a thermodynamic property of the material at hand, independent of concentration, and independent of instrument variability. This measure (R for ratio) represents the cornerstone of the quantitative assay. In order to improve the sensitivity of R, wavelengths were selected, by inspection of the UV-vis spectra of osmylated dTTP and dCTP, where R is largest. Those wavelengths are 312 and 272 nm, and correspondingly replace 320 and 260 nm discussed above. The new measure is ratio of peak area at 312 versus peak area at 272 nm, R (312/272). Evidently, any spectrophotometer can be used to determine R (312/272), as long as the osmylated DNA has been purified from unreacted Osbipy (see 3.1).
Experiments
We conducted two types of experiments: (i) reaction mixtures were prepared directly in CE vials and monitored automatically for a few hours; this was done to confirm rates of reactions, or (ii) reaction mixtures were prepared in sealed glass minivials; Protocol A or B, or another test protocol was followed, and samples were analyzed in order to assess R (312/272) values. Most of the reaction mixtures were analyzed before TrimGen purification, as the Osbipy peak migrates very early and does not interfere with the reactants or products. The table in the supplementary material (SM) includes all the experiments together with the number of analyses performed for each sample and the resulting information.
Earlier work established that 3 mM Osbipy is necessary to bring T-osmylation to completion [13] . Here we used routinely 3.15 mM Osbipy. We then evaluated osmylation of C at 7.88, 9.45, 12.6, and 14.2 mM Osbipy. It was observed that 7.88 mM Osbipy leaves 3% intact dCTP, even after 17 h of incubation, whereas the higher concentrations lead to complete disappearance of the dCTP peak. Hence the choice was made to use 14.2 mM Osbipy and 11 h incubation at room temperature to osmylate both T and C, even though somewhat lower concentrations worked too. Earlier work also established that DNA concentration should be kept below 200 ng μL −1 , and so here all the experiments, but one (see figure 1 ), were conducted with 200 ng μL −1 DNA or less. The series of Oligos1 through 10 were used without additional purification, and their purity, as tested by us, was found to vary from 77 to 91%, with the exception of Oligo4 that was only 47% pure. As the method applied does not test length, the actual purity of the material may be even lower.
The low purity of these materials was a concern, and for this reason we purchased and evaluated a series of oligos that are used as primers and exhibited purity better than 88%. Not surprisingly, if the data are plotted as two groups instead of one, the standard deviation to the line that fits the data is much tighter for the purer oligos. Nevertheless every single oligo tested has been included in the correlations (see figures 3 and 4 and later discussion).
Oligo/DNA denaturation
Initially it was presumed that oligos with high CG content, such as Oligos 1, 3, 6 and 7, as well as M13mp18 will require some form of denaturation for effective osmylation. Hence osmylation of oligos and M13mp18 was done in the presence/ absence of urea. Reactions with the mononucleotides in the presence of urea were used as controls (see SM). In the presence of urea (2.7, 3.0, or 4.2 M) reactivity was reduced by about 20%, and the data exhibited more scatter compared to the data obtained in the absence of urea. The lower reactivity and the scatter in the data may be attributed to the higher viscosity of the medium. Still the presence/absence of urea did not change the outcome, as measured by R (312/272) of the fully osmylated DNA. The observation that the presence of urea did not increase the degree of osmylation in M13mp18 was intriguing. It is plausible that relatively high Osbipy concentration, such as 10 mM and higher, is playing a DNA denaturing role. For simplicity then the proposed protocols do not include urea.
Protocol A.
The recommendation is to use 50-200 ng μL −1 DNA with 3.15 mM Osbipy in a glass vial, incubate 60 min at room temperature and purify immediately using TrimGen (Protocol A). Following this protocol the purified osmylated DNA will exhibit a ratio of peak area at 312 nm versus 272 nm identified as R1 (312/272). This material may be kept in a regular test tube refrigerated for several months. As control dTTP or any other oligo/DNA, for which R1 (312/272) is known, could be used. After 60 min Tosmylation has completed approximately 3.5 half lives, about 90% of T is osmylated, and about 6.5% of C is osmylated (see table 3 in reference [13] ). The exact product distribution depends on the actual preparation of the Osbipy stock solution and the final concentration of Osbipy in the reaction mixture, and can only be precisely assessed by running controls. The apparent selectivity of T over C using Protocol A is about 14:1 in favor of T. This selectivity may yield excellent discrimination of T over C for a sequencing experiment with coverage in the tens. Please note that at this level T-osmylation has dramatically slowed down, and Cosmylation is very slow due to the low concentration of Osbipy. So small variations, let us say ±2 min, to the 60 min interval, from sample to sample will still result in practically comparable product distributions.
Protocol B.
The recommendation is to use 50-200 ng μL −1 DNA with 14.2 mM Osbipy in a glass vial and incubate for 11 h at room temperature before purification.
Osmylated products in the presence of excess Osbipy were shown by CE analysis to be stable for days at room temperature. However it is recommended that products be purified with TrimGen soon after incubation and stored at 4°C. Evaluation of new purifications methods may be conducted using CE. The conditions of Protocol B are not as strict as the ones for Protocol A. Other comparable conditions can be selected by inspection of the table (see SM). The purified osmylated DNA, following Protocol B, will exhibit a ratio of peak area at 312 nm versuss 272 nm, identified as R2 (312/272). Figure 2 illustrates the overlapping CE profiles of three materials: intact M13mp18 (peak identified as M13), M13mp18 osmylated based on Protocol A (peak identified as M13 (R1)) and also based on Protocol B (peak identified as M13 (R2)). For each material CE profiles monitored at two wavelengths, 312 and 272 nm, are included (see figure caption for discussion).
Determination of T-and C-chromophore, and hypochromicity
It is relatively easy to determine R (312/272) for T using dTTP, because osmylated-dTTP is well resolved from dTTP and hence there is no need to wait until all the starting material is osmylated. As seen in the table (SM) eight analyses with dTTP provided R1 (312/272) = 2.77 ± 0.05. This value is identical to the plateau value of R1 (312/ 272) = 2.77 ± 0.02 with oligodT(15) (see SM). The comparable measure at the other two wavelengths provided R1 (320/ 260) = 1.53 ± 0.05 and it was valid for dTTP, oligos with T and A, as well as obtained from the extrapolation of the sloping infinity line of a plot of R (320/260) for longer oligos that included all four bases [13] . The change from R (320/ 260) to R (312/272) increased the sensitivity to measure extent of T-osmylation by about 180%.
Multiple measurements from the osmylated-dCTP product peak (see SM) provided an average R2 (312/ 272) = 2.2 ± 0.1. Oligo8 through 10 are 16 bases long each and contain 10 A and 6 C each, but they have different sequence. In Oligo9 all Cs are in line, whereas Oligo8 has two groups of 3 C separated by two A. In Oligo10 C and A bases alternate. Incubation of these three oligos with 14.2 mM Osbipy for 10 or 22 h provided average values of R2 (312/ 272) equal to 0.76, 0.76 and 0.72, respectively for Oligo8, Oligo9 and Oligo10. Accounting for the presence of only 6 Cs out of a total number of 16 nucleobases, provided R (312/ 272) = 0.76 × 16/6 = 2.0 per C from the first two oligos and 1.9 from Oligo10. The agreements between the values obtained from dCTP and the Oligos8-10 is not as perfect as the agreement obtained for T, but it is acceptable and taken as 2.1 ± 0.2 per C. Comparable measurements provided R (320/ 260) ≈ 1 per C [13] , so here the change of wavelengths not only doubled the sensitivity, but actually made C-osmylation detectable and quantifiable.
The critical question is whether or not one can practically osmylate all the pyrimidines in M13mp18, a prototype for osmylating long ssDNA. Towards this end we conducted nine different experiments with the material from Bayou Labs and two experiments with the material from New England Biolabs (see SM). Most of the experiments were aimed at obtaining R2 (312/272) and about a third of those experiments were done in the presence of urea as denaturant and using prolonged incubation for up to 5 days. These experiments provided R2 (312/272) = 1.18 ± 0.01 from 10 different conditions. It was only in the presence of 7.16 mM Osbipy (with 2.7 M urea) that R2 = 1.14, presumably because of the low Osbipy concentration. M13mp18 from New England Biolabs in a single experiment following Protocol B exhibited R2 (312/272) = 1.17. The fact that different experimental Figure 2 . Overlapping profiles of three CE analyses of M13mp18 from Bayou Labs (for simplicity M13). M13: CE profile of the intact DNA monitored at 272 nm. The profile of the sample as monitored at 312 nm is also included in the figure, but no peak is detectable due to the negligible absorbance of M13 at 312 nm. M13(R1): CE profile of the product of the reaction of M13 with Osbipy according to Procol A, followed by TrimGen purification. Osbipy peak, if detectable, would appear at about 3.5 min. As seen by comparing the two traces under M13(R1), this material absorbs more at 272 nm compared to 312 nm. M13(R2): CE profile of the product of the reaction of M13 with Osbipy according to Protocol B, followed by TrimGen purification. In contrast to M13(R1), M13(R2) absorbs more at 312 nm compared to 272 nm (see table 1 ). Please note that the concentrations of these three materials are not the same, and this is why their respective peak areas differ.
conditions, with increasing concentrations of the label and the denaturant, consistently provided identical R2 values was considered evidence for having achieved complete osmylation. Urea as a denaturant was also included in experiments with Oligo2 and Oligo5 and no detectable difference was observed there either (SM). Hence Protocol B can be used with any ssDNA and achieve practically complete osmylation. Figure 3 illustrates the relationship between extent of Tosmylation and the fraction of T bases in an oligo/DNA by plotting R1 (312/272), as obtained using Protocol A, versus T/Ntotal. The line is the best fit to all the data and forced to go via the intercept. The correlation appears very good considering that synthetically made oligos are intrinsically less pure than biologically produced polymers. The good fit of 17 oligos/DNA in a single correlation strongly supports the validity and robustness of Protocol A. The fact that the slope of the line is 2.2 and not 2.77, as found for complete T osmylation, can be attributed to the fact that Protocol A does not lead to complete T-osmylation. As seen in table 3 ([13] ) 102 min, instead of 60, would yield practically complete Tosmylation, in addition to 10% of osmylated C. Whether or not Protocol A or a protocol with a longer incubation is more useful for material to be exploited for sequencing is left to the experts. Nevertheless it is apparent from figure 3 that Oigos and ssDNA osmylate comparably and reproducibly under these conditions. Figure 4 illustrates the relationship between extent of (T + C)-osmylation and the fraction of pyrimidines in an oligo by plotting R2 (312/272), as obtained from Protocol B, versus (T + C)/Ntotal. The line is the best fit to all the data from 20 oligos/DNA and was forced through the intercept. The correlation is excellent and strongly supports the validity of Protocol B for ssDNA. Our initial expectation was that R2 (312/272) for a given DNA can be calculated from the pyrimidine content, the values for T-and C-chromophore determined above, and given from the theoretical equation R2 = 2.77x(T/Ntotal) +2.1x(C/Ntotal). Hence one calculates a theoretical R2 = 1.36 for M13mp18, markedly higher compared to the value of observed R2 = 1.17 ± 0.01. The observed lower value was attributed to hypochromicity [18] due to proximity of the bulky/hydrophobic Osbipy moiety to a purine base. Actually all observed R2 values are seen to be about 15% lower compared to the theoretical value (not included here; see equation above) and this strongly supported the proposition of a hypochromicity effect.
Stability of materials and DNA backbone integrity
Repeated CE analyses strongly suggest that partially or fully osmylated material is stable in the presence of excess Osbipy. Not only the product peak did not change its electrophoretic properties, but also the UV-vis spectrum of the material did not change. Moreover new small peaks increasing with time have not been detected even when the unpurified reaction mixtures were left at room temperature for several days. New peaks with areas increasing as a function of time would have been detected at levels as low as 1% of DNA and would be consistent with backbone degradation. The absence of such peaks strongly suggests that Osbipy has no detectable effect on the backbone and the backbone remains intact with concentrations of Osbipy as high as 14.3 mM and incubation of several days at room temperature. This last feature of backbone integrity during and after osmylation is critically important in endorsing the tentative use of osmylated DNA for sequencing purposes.
Conclusions
This report presented two protocols, one to partially and another to fully osmylate ssDNA, as well as an UV-vis assay to determine extent of labeling. This set of tools is complete and can efficiently, predictably, and reproducibly osmylate Figure 3 . Correlation between the ratio of the peak area at 312 nm versus 272 nm for the osmylated product peak following Protocol A, R1 (312/272), as a function of the fraction of thymidine bases over the total number of bases in an oligo/DNA, T/Ntotal. Line is forced via the intercept. Oligos/DNA used in this study and the data plotted here are listed in table 2. Figure 4 . Correlation between the ratio of the peak area at 312 nm versus 272 nm for the osmylated product peak following Protocol B, R2 (312/272), as a function of the fraction of pyrimidines over the total number of bases in an oligo/DNA. Line is forced through the intercept. Oligos/DNA used in this study and the data plotted here are listed in table 2.
any nucleic acid and create two products. In the first product practically all Ts are osmylated, and in the second product both pyrimidines are exhaustively osmylated. Similar labeling of the complementary of the target DNA will yield two additional products. This set of four labeled DNAs, as shown in scheme 2, may serve as testing articles, in place of the native target strand. It is plausible that the bulky/hydrophobic Osbipy moiety will fit better in nanopores of width larger than the width required for translocation of ssDNA, and snuggly fit nanopores suited for translocation of dsDNA. The steric and electronic features of the Osbipy moiety may result in solvent reorganization and perhaps slow down translocation via the pore. The presence or absence of Osbipy at a base along the strand may be dramatically more discriminating than one base from the others; high discrimination is expected to improve accuracy in 'base calling'. Scheme 2 uses inexpensive reagents, in contrast to the expensive reagents currently required by the available technologies. Last but not least, the known electroactivity of osmium may result in a markedly stronger signal for detection by transverse current nanopore systems. Among the questions to be answered are: (i) what nanopore set-up might be suitable, (ii) how strong is the current change, i.e. discrimination, between osmylated base and intact one, (iii) whether a molecular motor is needed to process the strand one step at a time, and (iv) what type of molecular motor could be used with such unnatural/labeled ssDNA. Osmylated DNA may tentatively change the task of discriminating among four comparable nucleobases to the substantially simpler task of discriminating two markedly different molecules. Regarding third-generation sequencing approaches, osmylated DNA may turn out to be better suited than native DNA.
